Recent findings have uncovered a role for the Bcl-x gene in the survival of dopaminergic neurons. The exact nature of this role has been difficult to examine because of the embryonic lethality of Bcl-x gene disruption in mouse models. Here we report the generation of catecholaminergic cell-specific conditional Bcl-x gene knock-out mice using Cre-lox recombination technology. First we produced transgenic mice that express Cre recombinase from an exogenous rat tyrosine hydroxylase promoter (TH-Cre mice). These mice were crossed to Z/AP and Z/EG reporter mouse strains to verify catecholaminergic (TH-positive) cell-specific Cre expression. The TH-Cre mice then were mated to mice possessing the Bcl-x gene flanked by loxP sites, thereby producing offspring with Bcl-x deletion limited to catecholaminergic cells. The resulting mice are viable but have one-third fewer catecholaminergic neurons than do control animals. They demonstrate a deficiency in striatal dopamine and also tend to be smaller and have decreased brain mass when compared with controls. Surprisingly, surviving neurons were found that lacked Bcl-x immunoreactivity, thereby demonstrating that this gene is dispensable for the ongoing survival of a subpopulation of catecholaminergic cells.
Introduction
Parkinson's disease (PD) is a relatively common neurodegenerative disorder with ϳ70,000 new cases diagnosed in the United States annually (Mayeux, 2003) . Underlying the symptoms of PD is the degeneration of several neuronal subtypes, including the conspicuous loss of dopamine-containing neurons in the substantia nigra pars compacta (SNPc) (Lang and Lozano, 1998) . Loss of 60 -80% of the these cells and the resulting decrease in striatal dopamine correlate with symptom onset (Pakkenberg et al., 1991; Subramanian, 2001; Isacson, 2002) . In addition to the SNPc, other catecholaminergic regions, including the locus ceruleus (LC), olfactory nuclei, sympathetic ganglia, and adrenal medulla show pathology in PD (Pierce and Bari, 2001; Braak et al., 2003; Micieli et al., 2003) . Many of the cells in these regions express tyrosine hydroxylase (TH), the rate-limiting enzyme in catecholamine biosynthesis.
The factors responsible for PD pathology are mostly unknown. Recent data have implicated mitochondrial dysfunction, oxidative stress, and proteasomal dysfunction in the death of nigral neurons (Dawson and Dawson, 2003) . Attempts by the cell to counteract these stressors may involve the survival factor Bcl-x L (Hartmann et al., 2002) . Specifically, this protein is upregulated in the surviving dopaminergic neurons of PD patients (Hartmann et al., 2002) , in neuroblastoma cells exposed to the dopaminergic neurotoxin 1-methyl-4-phenylpyridinium (MPPϩ) (Veech et al., 2000) , and in cybrid cell cultures containing mitochondrial complex I deficiency (Veech et al., 2000) . In addition, Bcl-x L overexpression in embryonic stem cells promotes dopaminergic differentiation and enhances MPPϩ resistance (Shim et al., 2004) . Bcl-x L is a product of the Bcl-2 family gene Bcl-x. The gene is expressed in many regions throughout the developing and adult animal, including the CNS, where it prevents neuronal cell death (Gonzalez-Garcia et al., 1995; Mizuguchi et al., 1996) . Indeed, Bcl-x gene inactivation leads to extensive cell death in the hematopoietic system and CNS, resulting in embryonic lethality (Motoyama et al., 1995) .
To better study the role of Bcl-x in dopaminergic cell function, we set out to interrupt this gene specifically in catecholaminergic neurons. Our hypothesis was that this would avoid the hematopoietic failure and embryonic lethality seen in the genome-wide knock-out and therefore provide an opportunity to study the role of Bcl-x in catecholaminergic cells beyond the embryonic period. Furthermore, in light of increasing evidence that dopaminergic neurons rely heavily on Bcl-x function for survival, we postulated that dopaminergic cells lacking this gene would not survive. Such a finding would verify that Bcl-x is required for dopaminergic cell survival in vivo and in an environment of normal Bcl-x expression.
To accomplish the targeted deletion of Bcl-x, we generated mice that express Cre recombinase in TH-containing cells and crossed them to mice homozygous for the loxP-flanked Bcl-x gene . The resulting animals demonstrate deficiencies in the catecholaminergic system and also show that Bcl-x is dispensable for continued survival of this cell population even at advanced ages. These mice provide the first opportunity to examine the consequences of Bcl-x deletion on postnatal neuronal survival in vivo.
Materials and Methods
Animals. All mice were housed and treated in strict accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. They were kept in a pathogen-free facility and exposed to a 12 h light/dark cycle with food and water provided ad libitum.
Transgenic TH-Cre mice were generated by microinjection of fertilized B6/SJLF2 oocytes at the pronuclear stage with a linearized fragment of the pTH-Cre vector. This vector was created using a pSP73 (Promega, Madison, WI) backbone. The TH promoter consisting of the SalI-EcoRI fragment of the pTH9000 plasmid (Min et al., 1994) was placed upstream from a cassette containing the Cre-coding sequence flanked upstream by a synthetic intron initially derived from the 5Ј-untranslated sequence of the adenovirus-major late region (Huang and Gorman, 1990 ) and 3Ј by the simian virus 40 (SV40) late region polyadenylation site [all derived from the pOG231 vector (O'Gorman et al., 1997) ]. An 11 kb SalI-NotI fragment was isolated using the GELase preparation reagent (Epicenter, Madison, WI), resuspended in 10 mM Tris, pH 7.5, and 0.1 mM EDTA, and provided to the Johns Hopkins Transgenic Core Facility for microinjection. Five lines of mice containing the TH-Cre transgene (TH-Cre 1-TH-Cre 5) were identified by PCR amplification of tail DNA using the primers 5Ј-AAA TGT TGC TGG ATA GTT TTT ACT GC-3Ј and 5Ј-GGA AGG TGT CCA ATT TAC TGA CCG TA-3Ј. The expected 300 bp fragment was visualized by standard agarose gel electrophoresis.
Mice possessing the loxP-flanked Bcl-x gene were generously provided by Dr. Edmund Rucker (University of Missouri, Columbia, MO) . The presence of the floxed Bcl-x gene was determined by PCR around the 5Ј loxP site using the primers 5Ј-CGG TTG CCT AGC AAC GGG GC-3Ј and 5Ј-CTC CCA CAG TGG AGA CCT CG-3Ј, giving a wild-type band of 200 bp and a floxed gene product of 300 bp, or around the 3Ј site using primers 5Ј-TCA GAA GCC GCA ATA TCC CC-3Ј and 5Ј-GCC ACC TCA TCA GTC GGG-3Ј, yielding a wildtype product of 150 bp and a floxed gene product of ϳ200 bp. These fl/fl Bcl-x mice have been used successfully to examine the role of Bcl-x in a variety of cell types, including those in the liver, ovary, and mammary gland, as well as in erythroid and dendritic cells Wagner et al., 2000; Walton et al., 2001; Riedlinger et al., 2002; Hon et al., 2004; Takehara et al., 2004) .
The fl/fl Bcl-x mice were crossed to TH-Cre mice (lines 1 and 3), and the offspring were bred to homozygosity at the loxP-flanked Bcl-x locus. This enabled the Cre recombinase to inactivate the Bcl-x gene specifically in cells in which the TH promoter is active (i.e., catecholaminergic cells). Cre-mediated excision of Bcl-x genomic sequences was detected by PCR on DNA isolated from ventral midbrain tissue of adult animals using the forward primers 5Ј-CGG TTG CCT AGC AAC GGG GC-3Ј and 5Ј-AAT GGC CAG TAC TAG TGA ACC-3Ј and the reverse primer 5Ј-TCA GAA GCC GCA ATA TCC CC-3Ј as described previously .
The Z/AP mouse line (Lobe et al., 1999) was provided by the Johns Hopkins Transgenic Core Facility, and the Z/EG mouse was purchased from The Jackson Laboratory (Bar Harbor, ME). These strains were genotyped by staining tail tissue for ␤-galactosidase activity. Tail samples were immersed in lacZ staining solution containing 2 mM magnesium chloride, 0.01% sodium deoxycholate, 0.02% NP-40, 100 mM sodium phosphate, pH 7.3, 1 mg/ml 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside, 6 mM potassium ferrocyanide, and 5 mM potassium ferricyanide and were incubated for 5 min at 37°C. Positive samples were identified by a blue reaction product.
For the isolation of tissues for immunohistochemistry and enzyme histochemistry, animals were anesthetized with a lethal dose of pentobarbital (100 mg/kg) and perfused through the left ventricle with 50 ml of ice-cold PBS followed by 75 ml of ice-cold 4% paraformaldehyde in PBS. Relevant tissues were dissected and postfixed in 4% paraformaldehyde and PBS overnight at 4°C and cryoprotected for 36 -48 h in 30% sucrose and PBS at 4°C.
Enzyme histochemistry. Staining for human placental alkaline phosphatase activity was performed as described previously, with minor modifications (Lobe et al., 1999) . Tissue was processed as 30 m cryostat sections (retina, adrenal gland, and 1 d pup tissue) or 40 m microtome sections (brain) cut from frozen paraformaldehyde-fixed tissue. Endogenous alkaline phosphatase activity was quenched by incubation at 70°C for 30 min in PBS. The samples were allowed to cool for 2 min and washed with PBS at room temperature. Sections were transferred to a solution containing 100 mM Tris-HCl, pH 9.5, 100 mM NaCl, and 10 mM MgCl 2 for 10 min and then transferred to staining solution consisting of 100 mM Tris-HCl, pH 9.5, 100 mM NaCl, 50 mM MgCl 2 , 0.01% sodium deoxycholate, 0.02% NP-40, 340 g/ml nitroblue tetrazolium, and 175 g/ml 5-bromo-4-chloro-3-indolyl-phosphate (Roche Molecular Biochemicals, Indianapolis, IN) for 15-30 min at room temperature in the dark. Sections were washed in PBS and allowed to air dry before dehydration and mounting in distrene plasticizer xylene (Sigma, St. Louis, MO).
Immunohistochemistry. Forty micrometer sections were cut on a sliding microtome (Microm, Kalamazoo, MI) and collected free-floating in PBS. Sections were permeabilized and blocked in PBS containing 0.2% Triton X-100 and 10% normal goat serum at room temperature for 1 h. Sections then were incubated in 1:2000 rabbit anti-TH antibody (Novus Biologicals, Littleton, CO) overnight at 4°C and washed with PBS containing 0.1% Triton X-100. Next, sections were incubated for 2 h in 1:500 biotin-labeled F(abЈ) 2 fragment goat anti-rabbit antibody (Jackson Im- munoResearch, West Grove, PA) in PBS, 0.2% Triton X-100, and 2% goat serum, washed, and visualized by incubation in biotin-streptavidin-HRP (Vector Laboratories, Burlingame, CA), followed by incubation with 3,3Ј-diaminobenzidine per the manufacturer's instructions (Sigma). Sections were mounted on glass slides, dehydrated, and coverslipped for visualization. Sections for double-immunofluorescent labeling were processed similarly using 1:500 rabbit anti-Bcl-x (PharMingen, San Diego, CA) and 1:2000 mouse anti-TH (Immunostar, Hudson, WI) as primary antibodies and cyanine 3 (Cy3)-conjugated goat anti-mouse IgG F(abЈ) 2 -specific and Cy2-conjugated goat anti-rabbit IgG F(abЈ) 2 -specific as secondary antibodies at a 1:500 dilution (Jackson ImmunoResearch). Sections were mounted in Vectashield (Vector Laboratories) and kept in the dark until visualized by confocal microscopy using a Zeiss (Thornwood, NY) LSM-510 microscope. Slides processed for stereology were prepared as above, and TH-positive SNPc and locus ceruleus neurons were counted using nonbiased stereologic methods with the optical fractionator as described previously (West, 1993; Mandir et al., 1999 ) and using software provided by MicroBrightField (Williston, VT). Selected sections were Nissl-counterstained and counted as described above.
HPLC. HPLC with electrochemical detection was used to measure striatal levels of dopamine, 3,4-dihydroxyphenylacetic acid, and homovanillic acid. Conditional Bcl-x knock-out mice and age-and gendermatched controls were killed by decapitation, the brains were quickly removed, and striata were dissected. Samples were sonicated in 50 vol of 0.1 M perchloric acid containing 25 g/ml dihydroxybenzylamine (Sigma) as an internal standard. After centrifugation (15,000 ϫ g, 10 min, 4°C), 20 l of supernatant was injected onto a Brownlee C-18 reverse phase Spheri 5 RP-18 4.6 mm ϫ 25 cm column. The mobile phase consisted of 0.15 M chloroacetic acid, 0.1 mM EDTA, and 0.86 M sodium octyl sulfate, filtered and adjusted to pH 3, 4% acetonitrile, and 2.5% (v/v) tetrahydrofuran. The flow rate was kept at 1.5 ml/min. Peaks were detected by an Amperometric LC-4C detector (Bioanalytical System, West Lafayette, IN), and the working electrode was kept at 0.7 V. Data were collected and processed on a Star Chromatography 5.52 workstation (Varian, Palo Alto, CA).
Rotorod. A cohort of adult male mice was initially trained on an accelerating rotorod apparatus (Rotamex; Columbus Instruments, Columbus, OH). Animals first were placed on the 3 cm rod and subjected to multiple trials until time spent on the rod reached a plateau (ϳ16 trials). Trials began with the rod at 4 rpm and accelerated to 50 rpm over 5 min. Agematched animals were tested during similar times of day by an observer blinded to subject genotype and always in parallel with littermate controls. Once plateau values had been reached, each group of animals was subjected to four independent trials, and their time on the rod was averaged.
Statistics. Throughout the experiments, the investigators were blinded to the genotype of the mice. All values are expressed as mean Ϯ SEM. Differences among means were analyzed by using standard Student's t tests or two-tailed ANOVA followed by the Bonferroni posttest as appropriate. In all analyses, the null hypothesis was rejected at the p ϭ 0.05 level. All statistical analyses were performed using GraphPad (San Diego, CA) InStat and Prism software.
Results

Tissue-specific expression of Cre recombinase in catecholaminergic cells
Microinjection of recombinant DNA containing the Cre recombinase coding sequence downstream of the well characterized 9.0 kb fragment of the rat TH promoter (Fig. 1 A) yielded five independent lines of mice containing the Cre transgene (named TH-Cre 1-TH-Cre 5). Creexpressing mice are fertile, are indistinguishable from their wildtype littermates, and have continued to yield offspring that express the transgene years after their original development. Breeding outcomes suggest that the transgene is present on autosomal chromosomes in all lines except line four, in which the transgene appears to be X-linked (data not shown). Tissuespecific expression of Cre recombinase was demonstrated by crossing each TH-Cre mouse line to Z/AP and Z/EG reporter mice (Lobe et al., 1999; Novak et al., 2000) . The Z/AP mouse expresses the lacZ gene during embryonic and adult stages and in nearly all cells except erythrocytes, chondrocytes, and adipocytes. On Cre-mediated rearrangement, the lacZ gene is inactivated and human placental alkaline phosphatase (hPLAP) is activated and expressed at high levels in those cells expressing Cre. The hPLAP enzyme is easily localized by histochemical methods. Z/EG mice function in a similar way, but with activation of the green fluorescent protein (GFP) gene after Cre-mediated recombination. There are no obvious differences between lines 1-5 in the pattern of hPLAP or GFP expression with the exception of minimally altered cell type expression in the retina (data not shown). As expected, Cre recombinase activity is found in those mouse cells containing an active TH promoter, i.e., cathecholaminergic cells (Figs. 2, 3) . Specifically, dopaminergic cell populations, including those in the retina (amacrine cells), substantia nigra, retrorubral field, ventral tegmental area, zona incerta, hypothalamus, and olfactory bulb, stain for Cre recombinase activity, as do the nor- adrenergic cells of the locus ceruleus, sympathetic ganglia, and medulla, as well as the adrenergic cells in the adrenal medulla and lower brainstem. In addition, Cre reporter activity is present in many of the projection areas of these neuronal populations such as the striatum, amygdala, and nucleus accumbens, likely because of filling of axonal processes with hPLAP or GFP (data not shown). Several other areas that are not typically thought to have active TH expression, including the lateral septal nucleus, accessory olfactory bulb, suparafascicular thalamus, and pretectal area, also stain for Cre activity, possibly as a result of TH promoter activity in precursor cell populations or ectopic expression from the exogenous TH promoter. Indeed, ectopic expression driven by the exogenous TH promoter has been described previously (Min et al., 1994; Gelman et al., 2003) . Interestingly, some cells closely clustered around and within TH-positive nuclei (locus ceruleus and substantia nigra) demonstrate Cre activity, although they do not stain for TH protein (Fig. 3) . Conversely, Cre-mediated recombination is not detected in 100% of the targeted cell population; rather, a mosaic of Cre activity is noted in TH-positive neurons (Fig. 3) .
Generation of Bcl-x gene deletion in catecholaminergic cells
Conditional Bcl-x gene disruption in catecholaminergic cells was accomplished by crossing TH-Cre mice to mice possessing a floxed Bcl-x gene. Genotyping of the offspring was conducted by PCR using the strategy shown (Fig. 1) . Gene disruption is specifically demonstrated by PCR amplification of DNA isolated from the ventral midbrain of mice containing the TH-Cre transgene and two copies (homozygous) of the floxed Bcl-x gene (Fig. 1C) . No rearranged product is detected in the absence of the Cre transgene. To verify the loss of Bcl-x expression, mouse brain tissue was double-labeled with antibodies to TH and Bcl-x. Visualization with fluorescent secondary antibodies and subsequent confocal microscopy demonstrates the loss of Bcl-x protein in a subset of TH-positive cells (Fig. 4) . Many cells, however, stain for both proteins, suggesting that Bcl-x deletion does not occur in all TH-positive cells. Those TH-positive cells lacking Bcl-x demonstrate TH immunoreactivity and morphology that are indistinguishable from those containing Bcl-x (Fig. 4) .
Animals with the Bcl-x gene disrupted in TH-positive neurons (TH-Cre, fl/fl Bcl-x) appear as healthy and active as TH-Crenegative littermate controls, and expected genotypic ratios are obtained, suggesting no early survival disadvantage from Bcl-x deletion (data not shown). In individual litters, TH-Cre, fl/fl Bcl-x mice are reduced in weight by 18 -30% relative to their control (Cre-negative) littermates (Fig. 5) . The overall health, coordination, balance, and activity of the control and Bcl-x conditionally deleted mice were assayed using an accelerating rotorod protocol.
Bcl-x-deleted animals are able to stay on the rod significantly longer (127 Ϯ 13 vs 81 Ϯ 9.4 s; p ϭ 0.007) and at higher velocities when compared with control animals, suggesting no major motor system defects in these animals.
Conditional Bcl-x knock-outs have reduced striatal dopamine and fewer TH-positive SNPc and locus ceruleus neurons TH immunoreactivity is decreased in the midbrain of TH-Cre, fl/fl Bcl-x mice compared with controls (Fig. 6 ). This effect was quantified by stereological counting of SNPc cells, which shows reduced numbers of TH-immunoreactive cells at all ages tested (Fig. 5) . The magnitude of cell loss does not change appreciably with age and ranges from 25 to 33%. This is reflected in fewer Nissl-staining neurons in the SNPc as well, verifying that loss of TH staining is the result of fewer neurons, not merely the downregulation of TH protein in individual cells (data not shown). A similar finding was seen in the locus ceruleus, where TH-positive cell numbers are reduced by 31% in 1-month-old TH-Cre, fl/fl Bcl-x mice and by 27% in adults (8 -12 months of age) relative to age-and gender-matched controls (Fig. 5) . Interestingly, confocal double-labeling experiments show occasional surviving THpositive cells that do not stain for Bcl-x in the brains of TH-Cre, fl/fl Bcl-x mice, whereas no such cells are seen in controls (Fig. 4) . These cells are relatively rare, however, and most cells in the TH-Cre, fl/fl Bcl-x mice do show Bcl-x and TH colocalization. HPLC analysis of TH-Cre, fl/fl Bcl-x striatum shows a statistically significant reduction in dopamine and its metabolites when compared with controls (dopamine, 23.3 Ϯ 1.0 vs 18.7 Ϯ 1.2 ng/mg of tissue; 3,4-dihydroxyphenylacetic acid, 1.3 Ϯ 0.07 vs 1.1 Ϯ 0.08 ng/mg of tissue; and homovanillic acid, 0.50 Ϯ 0.08 vs 0.32 Ϯ 0.11 ng/mg of tissue; p Ͻ 0.04). Ratios of metabolites to dopamine levels are similar in controls and TH-Cre, fl/fl Bcl-x mice, suggesting no alteration in dopamine metabolism in the surviving cells (data not shown). Overall brain weight also is reduced (508 Ϯ 24 vs 571 Ϯ 8 mg; p Ͻ 0.03) in adult TH-Cre, fl/flBcl-x mice compared with age-and gender-matched controls.
Discussion
Characterization and utility of TH-Cre mice In PD, dopaminergic cells of the SNPc and noradrenergic cells of the LC as well as other catecholaminergic cells are among those most affected (Halliday et al., 1990; Zarow et al., 2003) . Thus, we hypothesized that targeting catecholaminergic cells via genetic manipulation would provide a valuable tool for the study of PD. We used the well characterized 9.0 kb rat TH promoter to drive expression of Cre recombinase in transgenic mice (Min et al., 1994 . The resulting Cre expression in catecholaminergic cells provides a simple way to selectively alter genes in these cells. Using Z/AP and Z/EG indicator mouse lines, we have shown specific expression of Cre activity in catecholaminergic cells. This along with the generation of multiple mouse lines showing similar Cre localization proves that the TH promoter is driving Cre expression. Also, mice described previously and produced in a similar manner demonstrate Cre localization that parallels that seen here (Gelman et al., 2003) .
Despite the presence of TH in most Cre-expressing cells, there are some cells that demonstrated Cre activity but lacked detectable TH. The explanation for this discrepancy likely varies according to cell type. For example, cells in the accessory olfactory nucleus possess an active TH promoter but do not translate appreciable amounts of protein (Min et al., 1994) . Such posttranscription control does not exist for Cre mRNA and explains the presence of Cre activity in these cells. Other explanations for the presence of Cre activity in TH-negative cells include ectopic TH promoter activity and the activation of the promoter in less mature cells that either never produced TH protein or subsequently lost this ability. In the latter case, expression of Cre at any time during development would lead to persistent reporter gene (Z/AP or Z/EG) expression. Such cell marking could be useful for tracking cells derived from precursors that possess an active TH promoter. Conversely, Cre activity was not seen in all TH-positive cells, suggesting genetic mosaicism, a common finding in transgenic models (Nagy, 2000; Tronche et al., 2002) .
Requirement for Bcl-x in the SNPc
Bcl-x is a Bcl-2 gene family member and is spliced into five isoforms (Yang et al., 2002) , including two major isoforms: the antiapoptotic Bcl-x L and the proapoptotic Bcl-x S (Boise et al., 1993) . Most nervous system effects are mediated by Bcl-x L because Bcl-x S is expressed at low or undetectable levels in the brain (Boise et al., 1993; Gonzalez-Garcia et al., 1995; Krajewska et al., 2002) . Murine Bcl-x gene interruption results in embryonic lethality likely from hematopoeitic failure (Motoyama et al., 1995; Shindler et al., 1997) . These animals exhibit cell death in hematopoetic areas of the liver and in regions of the CNS. The prenatal lethality of Bcl-x deletion prompted the production of several lines of Cre-mediated, conditional Bcl-x knock-out mice Wagner et al., 2000; Hon et al., 2004; Takehara et al., 2004) . Similarly, we have generated mice that lack Bcl-x gene products specifically in catecholaminergic cells. These animals have approximately one-third fewer SNPc dopaminergic neurons compared with littermate controls. To determine whether this effect is specific for dopaminergic cells, TH-positive neurons within the noradrenergic LC, another region susceptible to cell loss in PD, also were assayed. The magnitude of cell loss seen here is similar to that in the SNPc, suggesting that Bcl-x is required for the proper development of catecholaminergic cells whether they are dopaminergic or noradrenergic. The majority of the remaining cells contain both Bcl-x and TH. These cells result from failure of Bcl-x deletion, their numbers possibly augmented by a survival advantage conferred on precursor cells lacking Bcl-x recombination. The absence of widespread TH-positive neurons without Bcl-x immunoreactivity in adult animals suggests that in most TH-expressing cells, Bcl-x gene deletion is incompatible with cell survival. This effect likely results from a loss of the antiapoptotic activity of the Bcl-x L isoform. Indeed, Bcl-x L plays an important role in the development and survival of neurons. This is suggested by the expression profile of the protein, which peaks between embryonic day 13 and postnatal day 5 (Krajewska et al., 2002) , and by the cell death that occurs in postmitotic but imma- ture neurons when the protein is deficient (Motoyama et al., 1995; Roth et al., 1996 Roth et al., , 2000 . This neuronal cell death is thought to be cell autonomous because it can be demonstrated in telencephalic cultures of neurons derived from Bcl-x-deficient embryos (Roth et al., 1996) and can be reversed by Bax gene deletion, although Bcl-x/Bax double-knock-out animals still die prenatally (Shindler et al., 1997) . Our data lend strong support for the endogenous neuronal requirement of Bcl-x during development.
Our study also supports data demonstrating the antiapoptotic effect of Bcl-x L in dopaminergic neurons. This includes previous studies showing that the dopaminergic cell line MN9D is rescued from staurosporine-mediated cell death by overexpression of Bcl-x L (Kim et al., 1999) , and differentiated PC12 cells overexpressing Bcl-x L are more resistant to serum withdrawal (Blomer et al., 1998) . Recently, Bcl-x L was used to increase the generation of TH-positive neurons from embryonic stem (ES) cells (Liste et al., 2004; Shim et al., 2004) . Indeed, as ES cells are coaxed into a dopaminergic phenotype, levels of endogenous Bcl-x L increase, whereas ES cells expressing exogenous Bcl-x L demonstrate MPPϩ resistance and show increased neurite outgrowth and functional recovery in animal PD models (Shim et al., 2004) . Last, studies on human neurospheres have demonstrated that TH overexpression is toxic to these cells and that Bcl-x L can partially ameliorate this toxicity (Liste et al., 2004) .
Some neurons in our study avoid the lethal effects of Bcl-x deletion. The presence of such cells is demonstrated by their lack of Bcl-x immunoreactivity and by the ability to detect the appropriate genetic rearrangement in tissue from animals containing the TH-Cre transgene and two copies of the floxed Bcl-x allele. This verifies that the appropriate Cre-mediated gene inactivation has taken place in these animals and shows that, despite a loss of Bcl-x protein, catecholaminergic neurons can survive. This suggests a window of vulnerability in TH neuron development. The TH promoter is activated as early as embryonic day 9, and its expression continues into adulthood . Some cells may escape Cre-mediated Bcl-x deletion early in development only to have the gene inactivated at later stages when the requirement for Bcl-x has passed. Similar findings are seen in ovarian and mammary gland tissue, where the requirement for Bcl-x is developmental stage-specific (Walton et al., 2001; Riedlinger et al., 2002) . The role of Bcl-x in maintaining postnatal neuronal survival has been inferred by its continued expression into adulthood (Frankowski et al., 1995; Gonzalez-Garcia et al., 1995; Yachnis et al., 1998) and the fact that adult neurons from mice overexpressing Bcl-x are resistant to cell death stimuli such as hypoxia and axotomy (Parsadanian et al., 1998) . Our findings suggest that the requirement for Bcl-x is not absolute, and the presence of Bcl-x L in adult brains may serve functions other than maintaining cell survival under baseline conditions. The lack of progressive cell death in our conditional knock-out animals suggests that even advanced age fails to trigger increased loss of dopaminergic neurons.
Curiously the Bcl-x conditional knock-out animals have reduced brain and body mass as well as enhanced rotorod performance. Decreased weight may be the result of effects on the hypothalamus, where Cre expression and thus Bcl-x deletion occur. Also, a change in growth rate may affect brain size, as would the depletion of neurons. Many factors influence rotorod behavior, and further study will be required to determine the reason behind the improved performance. Possible candidate factors include strain differences, body size, and visual impairment, all of which have been correlated to rotorod score (McFadyen et al., 2003) . In addition, a recent study has shown a negative correlation between mouse body weight and rotorod fall latency, perhaps making animal size the most likely factor explaining our animals' enhanced performance (Lalonde et al., 2005) .
This study has implications regarding our understanding of the pathology of PD. It is known that Bcl-x L is present in human adult substantia nigral cells, and its nigral cell mRNA expression is increased in the brains of PD patients with the caveat that those neurons containing Lewy bodies have reduced levels (Hartmann et al., 2002) . In addition, cybrid cell culture models of PD find that cells containing mitochondria derived from PD patients demonstrated increased levels of Bcl-x L compared with controls (Veech et al., 2000) . The present study shows that Bcl-x function is dispensable in mature dopaminergic neurons and implies that loss of Bcl-x function is an unlikely primary mechanism for the loss of these cells in PD. Confirmation of the importance of cellautonomous expression of Bcl-x for the proper development of the SNPc does support the use of this protein in developing methods to generate dopaminergic cells from precursor populations such as embryonic and neural stem cells.
